The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. ABSTRACT This paper presents a concept for desalination by reverse osmosis (RO) using a vapor-trapping membrane. The membrane is composed of hydrophobic nanopores and separates the feed salt water and the fresh water (permeate) side. The feed water is vaporized by applied pressure and the water vapor condenses on the permeate side accompanied by recovery of latent heat. A probabilistic model was developed for transport of water vapor inside the nanopores, which predicted 3-5 times larger mass flux than conventional RO membranes at temperatures in the range of 30-50°C. An experimental method to realize short and hydrophobic nanopores is presented. Gold was deposited at the entrance of alumina pores followed by modification using an alkanethiol self-assembled monolayer. The membranes were tested for defective or leaking pores using a calcium ion indicator . This method revealed the existence of defect-free areas in the 100-200 μm size range that are sufficient for flux measurement. Finally, a microfluidic flow cell was created for characterizing the transport properties of the fabricated membranes.
INTRODUCTION
The increasing demand and depleting resources of water have worsened the fresh water scarcity problem. Especially, the developing countries are seriously affected by this problem, which will require creation of effective technologies for water desalination to meet the demands of agriculture and drinking water. Reverse osmosis (RO) is the state-of-the-art desalination method and is being increasingly adopted worldwide. RO is more economical in the aspect of energy cost compared to thermal processes that require more energy due to the latent heat of water [1] . Although membrane-based RO has almost reached thermodynamic efficiencies for desalination [2] , RO membranes suffer from some persistent issues including fouling, scaling, and requirement of large membrane areas due to limited flux [3] . Furthermore, there is a trade-off between membrane area and efficiency due to the limited flux per unit area, and between selectivity and permeability, which is limited by material properties [4] . Further improvements in RO membranes that enable larger flux without compromising selectivity and increase resistance to fouling are therefore needed.
In the present study, we suggest a new type of RO membrane that uses vapor transport of water through hydrophobic nanopores for desalination of water. We theoretically investigate the water transport through the nanopores using probabilistic approach. The effects of applied pressure, salinity, temperature, and condensation probability on mass flux of water are studied here. We also present a novel approach to fabricate the appropriate hydrophobic membranes using self-assembled monolayer on inorganic membranes, and to test for defective hydrophilic pores using a fluorescent calcium ion indicator. We further show an experimental method to measure mass flux based using a microfluidic flow cell. 
FIGURE 1. SCHEMATIC DIAMGRAM OF A HYDROPHOBIC NANOPORE WITH LIQUID-VAPOR INTERFACES ON EITHER SIDE. APPLICATION OF PRESSURE GREATER THAN THE OSMOTIC PRESSURE ON THE SALINE WATER SIDE RESULTS IN VAPOR-PHASE TRANSPORT OF WATER ACROSS THE NANOPORE.

CONCEPT OF VAPOR-TRAPPING MEMBRANE
We propose a membrane that consists of hydrophobic nanopores through which vapor phase of water is selectively transported by the virtue of hydrophobicity and small pore size, separating the saline feed water on one side and the desalinated permeate water on the other side (Fig. 1) . Two menisci are formed on either side of the hydrophobic nanopore with curvatures corresponding to the applied pressure on each side. The equilibrium vapor pressure on each meniscus is determined by temperature, salt concentration, and the applied pressure. If the applied pressure on the feed side is large enough to overcome the osmotic pressure, water vapor is transported from the feed to permeate side through the nanopore due to the vapor pressure difference. More precisely, the high applied pressure creates meniscus of high curvature the equilibrium vapor pressure is elevated according to Kelvin's equation [5] . The latent heat consumed in vaporization at feed side is recovered by condensation on the permeate side, and the corresponding temperature difference across the nanopore is negligible by the virtue of small length scale and conduction through the membrane material [6] .
PROBABILISTIC APPROACH FOR VAPOR-PHASE TRANSPORT THROUGH A NANOPORE
In the present study, we use a probabilistic approach to predict the molecular transport of water. The nanopore diameter should be less than ~200 nm for the meniscus on the feed side to sustain the applied pressure, which must be higher than osmotic pressure to generate transport of water from the feed side to permeate side. The mean free path of water molecules in vapor phase at 20-50 ºC is about 1-5 μm. Due to the considerably longer mean free path of water molecules than pore size considered here, the water vapor is assumed to be rarified gas and therefore the main transport mechanism is Knudsen diffusion. Clausing derived analytical expression for mass transport of rarified gas through pores of infinitely large aspect ratio connecting two gas reservoirs with different pressures [7] . However, it cannot be directly applied to the present nanopores with finite aspect ratio and with two water menisci at either ends of the pore where evaporation, condensation and reflection from the menisci also occur. We derived an analytical expression for a transport probability φ A,B for a water molecule emitted from one meniscus to condense on the other meniscus after several reflections on pore wall or either menisci [6] 
where σ is condensation probability of a water molecule in vapor phase incident on a meniscus and η is transmission probability derived by Clausing [7] . η indicates the probability of transmission of a molecule from one end of the pore to the other. This η is a function of pore aspect ratio only and monotonically decreases with pore aspect ratio with a maximum value of 1 for zero aspect ratio.
MASS FLUX THROUGH THE MEMBRANE
The flux of vapor transport through the nanopores is largely dependent on the applied pressure, osmotic pressure, rate of evaporation, condensation/reflection probability and transport probability. The rate of evaporation of water molecules at each meniscus equals the rate of condensation of incident water molecules on the interface at equilibrium, known as the Hertz hypothesis [8] . Furthermore, the effect of salinity and pressure can be accounted for using Kelvin's equation and Raoult's law. Combining these effects and assuming that the vapor behaves like an ideal gas, the mass flux through a nanopore is derived as follows [6] :
where M denotes molar mass of water, R is universal gas constant, T s is temperature of the menisci, ΔP is applied pressure difference, Δπ is osmotic pressure difference, V m is molar volume of liquid phase water, and P 0 vap is the vapor pressure of pure water with zero curvature.
The pore size should be small enough to resist wetting the hydrophobic pores under high applied pressure. Using the Young-Laplace equation, the criterion that a pore of radius a resists wetting is: 2 cos
where γ lv is surface tension of the water, θ eq is the equilibrium contact angle, and ∆P A is the pressure difference across the interface. For a contact angle of θ eq = 120° and a pressure difference ∆P A = 50 bar, the critical pore diameter is 28 nm. Small aspect ratio or short pore length is desired to obtain high mass flux since the transmission probability η increases with smaller aspect ratio [7] . However, the two menisci separated with a short distance may be energetically unstable and may merge to wet the nanopore. We derived a minimum pore aspect ratio l/a min above which merging of the two menisci is energetically unfavorable [6] 
where l and a indicate pore length and radius, respectively, θ denotes the angle at which mechanical equilibrium between applied pressure and the surface tension is satisfied. Under these constraints, Fig. 2 shows the predicted mass flux through the vapor-trapping membrane with 0.62M of salt concentration of feed water, membrane porosity of 40%, equilibrium contact angle of 120°. The dark regions at higher pressures and larger pore sizes above the white dash lines indicate conditions under which pore wetting is favorable. Since typical RO membranes exhibit flux in the range of 5-10 g/m 2 s. The analysis predicts a mass flux 3 -5 times larger than conventional RO membranes for the same range of applied pressure but at mildly elevated temperatures of 30-50°C.
FABRICATION OF VAPOR-TRAPPING MEMBRANE
In the present study, we selected anodized aluminum oxide (AAO) membranes (Whatman Inc.), as the template for fabrication of hydrophobic membranes. AAO membranes are hydrophilic and consist of approximately cylindrical pores, with diameters of about 200 nm in the present case. The membrane thickness was about 60 µm, with a porosity of about 40%. In order to create a membrane comprising short hydrophobic pores, the entrance region of the pores was coated with gold and modified with a hydrophobic self-assembled alkanethiol monolayer.
The degree of hydrophobicity on the top of the monolayer is determined by the type of tail group (−CH 2 , −CH 3 , −CF 2 , −CF 2 H, −CF 3 ), with -CF 3 possessing the lowest surface energy [9] . We selected the hydrophobic perfluorodecanethiol (Sigma Aldrich) which has a fluorocarbon tail group for modification of the AAO membrane.
Fabrication of a thin hydrophobic membrane was realized by deposition of gold to a certain depth of the nanopores of the AAO membrane and by formation of self-assembled monolayer on the gold. The AAO membranes were placed on a rotating mechanism of a windup spring clock. Then the rotating mechanism was mounted inside the chamber of electron beam evaporator with a certain slant angle in such a way that the evaporated gold was deposited only near the entrance of the pores (Fig. 3) . The hydrophobic membrane thickness could be determined by controlling the slant angle. Here, the slant angle ϕ was chosen as 20° for the gold-coated depth of about 600 nm, i.e., 200 nm/tan 20° ≈ 600 nm).
The gold-coated membranes were rinsed thoroughly with ethanol for about 20 minutes, and placed for 24 hours in 1 mM perfluorodecanethiol solution in ethanol. This procedure resulted in a membrane that was hydrophobic on one side and hydrophilic on the other side. The same self-assembled monolayer on plane gold-coated glass slides yielded an advancing contact angle of approximately 108°.
DEFECT CHARACTERIZATION
Although the hydrophobic membrane was fabricated, it may not be free from defects if some of the pores are not modified into hydrophobic nanopores. The possible reasons include defects formed during the process of AAO membrane production and dust particles preventing the gold coating process. In the present study, a calcium ion binding fluorescent dye (Fluo-4 from Invitrogen Inc.) was used to characterize the defects. Fluo-4 is negatively charged salt and is used as a calcium indicator since the fluorescent light intensity is increased by a factor >100 upon binding to a calcium ion. As shown in Fig. 4 , two different solutions were introduced on either side of the hydrophobic membrane. On the top side, the solution was 0.5 mM Fluo-4 and 0.5 mM ethylenediaminetetraacetic acid (EDTA) in deionized water whereas the solution on the bottom side was 10 mM CaCl 2 . In the presence of an electrical field across the membrane, the Fluo-4 and Ca 2+ ions can be driven across the membrane to bind together or driven away from the membrane to be depleted and separated from each other depending on the direction of the electrical field. By capturing the light intensity modulation under an AC voltage applied across the membrane, the locations of defects (i.e., open pores) could be determined. Figure 5 shows the images when AC voltage was applied across the membrane with amplitude of 1V and frequency of 0.2 Hz. Fluorescent spots with intensity modulated at 0.2 Hz were clearly observed where Fluo-4 and Ca 2+ were driven through the defective wetted pores by the AC voltage bias. Figure 5a (inset) indicates a time sequence of fluorescent light intensity change at a certain spot. The period of peak to peak response is 5 seconds and is exactly same as the period of the applied AC voltage. It can be also observed that the overall intensity increased with time. It may be attributed to that a portion of Fluo-4 and Ca 2+ diffuse to the other side far enough or bind together such that their flux is lower when the voltage is reversed, resulting in a net accumulation of fluorescence in each cycle. Based on these experiments, the ratio of wetted pores to functional pores was estimated to be less than 1%. Defect-free areas with dimensions in the range of 100-200 μm were observed, which is sufficient for measurement of transport characteristics of these membranes.
MICROFLUIDIC FLOW CELL FOR MEASUREMENT OF FLUX IN FORWARD OSMOSIS
We are currently fabricating a microfluidic flow cell to characterize the membrane by measuring the flux through small membrane areas free from defects. The flow cell consists of two microchannels for introducing deionized water and saline water bonded on opposite sides of the membrane (Fig. 6 ). This configuration enables measurement of the water flux through the small intersection area of the two microchannels under minimal concentration polarization. The water is transported from deionized water channel to the saline water one due to the osmotic pressure. This forward osmosis based flux measurement is appropriate for the brittle AAO membranes, and the osmotic pressure as a driving force can be readily controlled by salt concentration. To measure flux through the membrane, the outlet flow from the flow cell is combined with a reference flow stream containing a fluorescent dextran solution in another microchannel. Flow rate of water transported through the membrane is determined by observing the position of the interface of the two flow streams.
CONCLUSION
We proposed a new type of reverse osmosis (RO) membrane for desalination utilizing vapor-phase transport of feed water through the nanoporous membrane. A model for water transport through the membrane was developed based on rarified gas assumption. The effects of key factors on mass flux such as feed concentration, temperature, applied pressure, condensation probability, and pore geometry were studied. For seawater desalination, pore diameter of 10 nm is adequate and the predicted mass flux is about 3 -5 times larger than conventional RO flux at moderately elevated temperatures. This approach also decouples the material properties from the transport properties so that chlorine resistant membrane with also high boron rejection may be achieved by selecting appropriate membrane materials. We showed a fabrication method to realize the suggested membranes from anodized aluminum oxide (AAO) membranes utilizing self-assembled monolayers which create short hydrophobic nanopores. Less than 1% of defective pores were observed throughout defect 5 Copyright © 2010 by ASME characterization using fluorescent calcium ion indicator, and the membrane area free from defects is sufficient to measure the mass flux. Recently, we have traced the defective areas to pits in the original AAO membranes. Use of AAO membranes without these pits shows promise for considerably decreased the number of defects, and is being pursued. We are currently working on fabrication of a microfluidic flow cell enabling sensitive flux measurement. These measurements will be used to verify the theoretical prediction and characterize vapor-phase transport through short hydrophobic nanopores. This work may lead to a new class of RO membranes with higher flux, chlorine resistance, and better selectivity.
NOMENCLATURE
Applied pressure difference, ΔP Condensation probability, σ Equilibrium vapor pressure of fresh water on flat meniscus, P 
